Gold nanovesicles contain multiple nanocrystals within a polymeric coating. the strong plasmonic coupling between adjacent nanoparticles in their vesicular shell makes ultrasensitive biosensing and bioimaging possible. In our laboratory, multifunctional plasmonic vesicles are assembled from amphiphilic gold nanocrystals (such as gold nanoparticles and gold nanorods) coated with mixed hydrophilic and hydrophobic polymer brushes or amphiphilic diblock co-polymer brushes. to fulfill the different requirements of biomedical applications, different polymers that are either pH=responsive, photoactive or biodegradable can be used to form the hydrophobic brush, while the hydrophilicity is maintained by polyethylene glycol (peG). this protocol covers the preparation, surface functionalization and self-assembly of amphiphilic gold nanocrystals grafted covalently with polymer brushes. the protocol can be completed within 2 d. the preparation of amphiphilic gold nanocrystals, coated with amphiphilic diblock polymer brushes using a 'grafting to' method or mixed hydrophilic and hydrophobic polymer brushes using tandem 'grafting to' and 'grafting from' methods, is described. We also provide detailed procedures for the preparation and characterization of pH-responsive plasmonic gold nanovesicles from amphiphilic gold nanocrystals using a film-rehydration method that can be completed within ~3 d.
IntroDuctIon
Vesicle nanostructures, including polymersomes and liposomes, have been widely investigated as drug delivery platforms. These include polymersomes and liposomes that have made use of amphiphilic block co-polymers and lipids, respectively. It is useful to be able to trace the drug carrier, and plasmonic vesicles with tunable plasmonic coupling and a hollow cavity are attractive candidates for this application. Plasmonic vesicles each contain multiple gold nanoparticles. Light of a wavelength much longer than the diameter of the gold nanoparticle can produce coherent oscillations in the nanoparticle's electron cloud relative to its stationary core [1] [2] [3] [4] [5] . Localized surface plasmon resonance (LSPR) is a coherent oscillation of the surface conduction electrons excited by electromagnetic radiation 4, 6, 7 . When gold nanoparticles form assemblies or aggregates, the surface plasmon absorption is strongly dependent on their interparticle distances, which cause more red-shift at smaller interparticle distance [8] [9] [10] [11] [12] . On the basis of this theory, plasmonic dimers, trimers, chains and clusters have been widely reported in regard to their potential use in tracing a drug carrier 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Vesicular nanostructures, such as liposomes, with a hollow cavity and thin shell layer, have shown broad biomedical application 23 . Similar to liposomes that are formed by amphiphilic lipid, polymer vesicles can also be prepared by self-assembly of amphiphilic block co-polymers 24, 25 . With the development of functional polymers, various stimuli (e.g., pH, light, thermal, enzyme)-responsive polymersomes were developed [25] [26] [27] . We and others have applied this principle to design and prepare plasmonic nanocrystal-based hybrid vesicles by coassembly of a mixture of diblock polymers and gold nanoparticles coated with diblock polymers [28] [29] [30] [31] [32] , which showed distinctly different optical and physical properties from those of single nanocrystals ( Table 1) [33] [34] [35] [36] [37] [38] .
In the vesicle, the LSPR can be easily adjusted from the visible to the near-infrared region by tuning the interparticle distance of the gold nanocrystals in the vesicular shell [34] [35] [36] . Interparticle distance is highly dependent on the relative ratio of the hydrophilic and hydrophobic polymer chains on the gold nanocrystal surface. For instance, with a decreased amount of hydrophilic polymer brushes, the hydrophobicity of the gold nanoparticles was increased and the interparticle distance of the vesicle membrane was decreased, inducing a larger red shift in LSPR [34] [35] [36] . Furthermore, the interparticle distance decreases with the decrease of the molecular weight of the hydrophobic polymer brush, leading to stronger plasmonic coupling and a larger red shift in LSPR [34] [35] [36] .
To fulfill the different requirements of drug delivery, various types of plasmonic vesicles have been prepared by using amphiphilic gold nanocrystals coated with pH-responsive 36 , photoactive 34 or biodegradable polymers 35 such as the hydrophobic brush; hydrophilicity was maintained by PEG, as displayed in Table 1 . Of particular interest is that the disruption of the plasmonic vesicles can be triggered by different stimulus responses of the pH-, photo-or enzyme-sensitive polymers or the light-sensitive nanocrystals [34] [35] [36] . These plasmonic vesicles with hollow cavities allow high drug loading inside for cancer-specific targeting and drug delivery. More importantly, the Raman tag-embedded plasmonic vesicles with ultrastrong interparticle plasmonic coupling exhibit a greatly enhanced scattering cross-section as compared with single gold nanocrystals, which have been used to detect cancer cells.
In this protocol, we describe the procedures and conditions required to prepare amphiphilic gold nanocrystals coated with polymer brushes using a one-step 'grafting to' method or a twostep method including 'grafting to' and 'grafting from' methods. In the one-step method, polymer chains are covalently attached to the gold nanoparticle by forming a covalent Au-S bond. In the two-step method, thiolated PEG and an atom-transfer radical-polymerization (ATRP) or ring-opening polymerization (ROP) initiator are attached to the gold nanoparticle surface in the 'grafting to' step, and then hydrophobic polymer brushes are grown on the gold nanoparticle surface through surface ATRP
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and ROP methods. For the 'grafting from' step, we developed two approaches, including surface-initiated (SI) ATRP (SI-ATRP) and SI-ROP, to grow hydrophobic polymer brushes ( Figs. 1 and 2) 35, 39 . The SI-ATRP allows for controlled growth of hydrophobic polymer brushes with hydrocarbon main chains (Fig. 3) . The SI-ROP method enables growth of a broad spectrum of cyclic monomers such as biodegradable hydrophobic polymer grafts on the gold nanocrystal surface (Fig. 4) 39 . The amphiphilic gold nanocrystals coated with amphiphilic polymers can be further self-assembled into plasmonic vesicles using a film rehydration method (Fig. 5) 33 . In multiple systems, we have shown that the polymer grafts impart amphiphilicity-driven self-assembly to the hybrid nanoparticles, leading to well-defined vesicles in which plasmonic nanocrystals are embedded in the shell of collapsed hydrophobic polymers and the hydrophilic brushes extend into the external and interior aqueous environments to stabilize the vesicular structure (Fig. 5) 36 . More importantly, the interparticle distance of the gold nanocrystals in the vesicular shell can be tuned by the grafting density and molecular weight of the polymer brushes, leading to controllable optical properties (scattering, photothermal conversion and Surface enhanced Raman scattering) of the vesicle. The disassembly of the vesicle can be induced by changing the hydrophobicity of the responsive hydrophobic polymer brush induced by pH, light or enzyme. Herein, we used pH-responsive gold nanovesicles as a model to describe the preparation of a vesicle (Step 3). The preparation of amphiphilic gold nanocrystals coated with amphiphilic polymers, particularly mixed hydrophilic and hydrophobic polymer brushes, is the main focus of this protocol. The major goal of this article is to provide reliable and standard procedures to guide researchers in this field toward developing gold nanocrystal-based surface function and fabricating assemblies with high stability and controllability, which are often lacking in nanotechnology and nanomedicine. Recent advances in nanocrystal preparation and functional biopolymer synthesis open a wealth of possibilities to expand this concept to other types of nanocrystals and to integrate different types of nanocrystals into diverse multifunctional assemblies. This protocol could be helpful to researchers interested in or working in the fields of nanoparticle surface function, polymer science and self-assembly.
Experimental design
Assembly behaviors of amphiphilic polymers in solution phases have been intensively investigated, including well-known assemblies such as micelles, liposomes and vesicles 40 . The balance of attractive force between hydrophilic and hydrophobic interactions guides the assembly of amphiphilic polymers 40 . By tuning the structural parameters (ratio, molecular weight and so on) of the hydrophilic and hydrophobic parts of amphiphilic polymers, the assembled structures can be well controlled. On the basis of this observation, we developed a new kind of amphiphilic gold nanocrystals coated with diblock amphiphilic or mixed hydrophilic and hydrophobic polymer brushes as building blocks, and further assembled them into vesicular structures. This protocol first describes the rationale and experimental procedures for the synthesis of gold nanocrystals coated with amphiphilic diblock polymer brushes using a one-step 'grafting to' method ( Fig. 1) ( Step 1A). We further describe the synthesis of amphiphilic gold nanocrystals coated with mixed hydrophilic and hydrophobic polymer brushes by a tandem two-step method ( Fig. 1) , including 'grafting to' and 'grafting from' methods. For the two-step method, we introduce two 'grafting from' approaches including SI-ATRP to grow polymer brushes with hydrocarbon main chains (Step 1B) and SI-ROP to grow biodegradable polyester brushes (Step 1C). We also give a detailed procedure for selfassembling them into plasmonic vesicles using a film-rehydration method that is commonly used to prepare polymer vesicles.
The successful preparation of amphiphilic gold nanocrystals and plasmonic vesicles with excellent stability and narrow size distribution is the major task of this protocol. Because of the steric hindrance of the polymer brush on the gold nanoparticle (AuNP) surface during the polymerization process, only a certain amount of the surface initiator is active in the polymer growth, as shown in Table 2 . In comparison with the method of modifying gold nanoparticles by coating with amphiphilic diblock co-polymer based on hydrophobic interactions 41 , our approach of modifying gold nanoparticles using covalent gold-thiol bonds exhibits several advantages and also has some limitations, as shown in Table 3 .
Amphiphilic gold nanoparticles grafted with amphiphilic diblock polymer brushes using the 'grafting to' method. A large-scale synthesis of uniform 14-nm AuNPs can be realized by reduction of HAuCl 4 in the aqueous phase using sodium citrate 6 . The gold nanoparticles that are made this way contain citric acid molecules on the surface that can be easily replaced by small molecules or polymers with thiol-end functionalized groups. We developed a 'grafting to' method to prepare amphiphilic gold nanoparticles coated with amphiphilic diblock polymers 38 . To do this, thiolated diblock polymers are prepared using a reversible addition-fragmentation chain transfer method, and they are attached to the gold nanocrystal surface through Au-S covalent bonds 37 . For example, the thiol-ended polystyrene-b-PEG (SH-PS-b-PEG), can be grafted onto the surface of AuNPs using a one-step 'grafting to' method 42 . To do this, the citric acid on the AuNP surface is replaced with SH-PS-b-PEG after 12 h of ligand exchange reaction at room temperature (25 °C).
Amphiphilic gold nanoparticles grafted with mixed hydrophilic and hydrophobic polymer brushes using the SI-ATRP method.
To adjust the ratio and molecular weight of the hydrophobic polymer brushes, we developed a tandem two-step method to prepare amphiphilic gold nanoparticles with mixed polymer brushes ( Fig. 1) [33] [34] [35] [36] . In the first ('grafting to') step, hydrophilic thiolated-PEG (PEG-SH) and an ATRP initiator with a disulfide group (2, 2′-dithiobis[1-(2-bromo-2-methyl-propionyloxy)] ethane (DTBE)) 33 are co-attached to the gold nanoparticle surface (Au@PEG/DTBE) through covalent Au-S bonds. In the following ('grafting from') step, Au@PEG/DTBE is used to initiate the polymerization of monomers to grow hydrophobic polymer brushes such as poly(methyl methacrylate) (PMMA) 33 .
For biomedical applications, we have reported the generation of pH-responsive amphiphilic gold nanoparticles coated with PEG and pH-responsive polymer brushes of poly(methyl methacrylate-co-4-vinylpyridine) (PMMAVP) by introducing 25% 4-vinylpyridine (4VP; pKa = 5.4) in the hydrophobic PMMA grafts. Compared with the one-step 'grafting to' method, the two-step approach can increase the graft density of the polymer brushes and control the molecular weight of the hydrophobic polymer brush. The ratio of hydrophilic to hydrophobic polymer brushes can be easily tuned by changing the feeding ratio of PEG-SH to DTBE in the first 'grafting to' step. The reaction vessel and equipment are shown in Figure 2 .
Amphiphilic gold nanorods grafted with mixed hydrophilic and hydrophobic biodegradable polymer brushes using the SI-ROP method. Nontoxic, biocompatible and bioabsorbable materials are increasingly studied for biomedical purposes 43 . To further explore the biomedical applications of gold nanovesicles, we developed a new SI-ROP method to grow biodegradable polylactide (PLA) brushes on the gold nanorod (AuNR) surface 35 . In the first 'grafting to' step, PEG-SH and the SI-ROP initiator 11-mercapto-1-undecanol (MUD) are co-attached to the AuNR surface to form AuNR@PEG/MUD. In the following 'grafting from' step, the PLA brushes are grown on the AuNR surface using a SI-ROP method to polymerize lactic acid. Previously, stannous octanoate was widely used for the surface-initiated polymerization of lactide (LA) from iron oxide or silica nanoparticles at temperatures >100 °C. However, the Au-S bond is unstable over 60 °C, so growing well-ordered PLA brushes from gold nanocrystal surface is a challenge 35 . We introduced an organocatalytic ROP method to initiate the polymerization of LA; the process can be performed at 40 °C with high efficiency. The molecular weight of PLA can be controlled by the initial feeding amount of LA and the reaction time. The ratio of PEG to PLA on the AuNR surface can be easily adjusted by tuning the feeding ratio of PEG to MUD in the first 'grafting to' step. This method provides the possibility of tuning the plasmonic coupling and the size of vesicles by adjusting the polymer weight of PLA and the PEG-to-PLA ratio 35 .
Once the coated amphiphilic gold nanoparticles have been obtained, it is important to fully characterize the amphiphilic polymer-functionalized gold nanocrystals (Step 2) before they are assembled into hybrid vesicles (Step 3).
Quality control. The composition and graft density of the polymer brushes on the gold nanocrystal surface are determined based on a series of characterization methods (Figs. 3 and 4) . 1 The AuNPs should be modified with hydrophobic ligand first before encapsulation by the polymer The AuNPs cannot disperse in solvents that can dissolve the hydrophobic polymer characterization of amphiphilic gold nanocrystals coated with polymers can be carried out to determine the composition of the polymer brushes (Step 2B). We use gel permeation chromatography (GPC) to analyze the molecular weight of the obtained hydrophobic polymer brushes (Step 2C). Thermogravimetric analysis (TGA) should be used to determine the weight fraction of the polymer brushes grafted to the gold nanocrystal surface (Step 2D). UV-visible spectra can be used to determine the successful growth of hydrophobic polymer brushes, SPR peak and stability of the amphiphilic gold nanocrystals (Step 2E).
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Step 3) As we previously described, by tuning the structural parameters (ratio and molecular weight) of the hydrophilic and hydrophobic parts of the amphiphilic polymers, the optical properties of the assembled vesicles can be precisely tuned 34, 44, 45 . On the basis of this observation, we prepared amphiphilic gold nanocrystals coated with mixed hydrophilic and hydrophobic polymers or amphiphilic diblock polymers as building blocks, and further self-assembled them into vesicles. The vesicles were prepared using a film rehydration method that was usually used to prepare polymer vesicles (Fig. 3) . This method is rather simple and can be completed within a short period of time with high yield. In our laboratory, we have prepared pH-responsive Au@PEG/PMMAVP and biodegradable AuNR@PEG/PLA vesicles to further explore their function and biomedical applications. GPC In our laboratory, GPC is measured on a Shimadzu HPLC system using THF as the eluent, and the molecular weight is calibrated with polystyrene standards. TGA In our laboratory, samples are placed in platinum sample pans and heated under a nitrogen atmosphere at a rate of 10 °C/min to 100 °C and held for 40 min to completely remove residual solvent. Samples are then heated to 700 °C at a rate of 15 °C/min. 1 H-NMR In our laboratory, 1 H-NMR spectra are obtained with a Bruker AV300 spectrometer, using CDCl 3 as the solvent.
MaterIals
REAGENTS
•
proceDure preparation of coated amphiphilic gold nanoparticles ! cautIon Handling of reagents and chemical reactions should be carried out with caution in designated fume hoods. Most of the reagents in this protocol are toxic or harmful, and they require the use of lab goggles, gloves and a lab coat.
In some conditions, a face mask will be needed for protection. 1| Prepare the coated amphiphilic gold nanoparticles as described in options A, B or C. In option A, the preparation of amphiphilic gold nanoparticles coated with diblock polymer brushes is based on a ligand exchange method. If the polymer synthesis requires a temperature higher than 60 °C, the polymer should first be synthesized with an end-functional thiol group and then be attached to the gold nanoparticle surface using option A. The reason is that the Au-S bond is not stable at temperatures higher than 60 °C. Option B can be used to surface-initiate polymerization of monomers containing carbon-carbon double bonds that can be processed at a relatively low temperature (<60 °C) using the SI-ATRP method. Option C is a surface organocatalytic ROP method that can be used to synthesize biodegradable polyesters and polycarbonates. The polymer should be synthesized using a reversible addition-fragmentation chain transfer polymerization method 37 .  crItIcal step Make sure that the polymers are dissolved completely.  crItIcal step The bottle should be a new one or it should be very clean in order to avoid contamination or aggregation of the gold nanoparticle solution. (ii) To prepare 14-nm AuNPs, add sodium citrate water solution (205 mg in 4 ml DI water) to a boiling aqueous HAuCl 4 solution (60 mg in 400 ml of DI water) under vigorous stirring. There should be a color change from colorless to red after 5 min. Boil the mixture for another 30 min, and then cool the resulting solution to 25 °C.  crItIcal step The sodium citrate solution should be added to the boiling water quickly (all at once), which is vital to the process of obtaining uniform gold nanoparticles.  pause poInt The gold solution can be stored at 4 °C for ~6 months. (iii) Centrifuge 15 ml of AuNP (14 nm) solution at 10,000g for 10 min at 25 °C, and then add 3.5 ml of DI water to dissolve the AuNPs at the bottom of the centrifuge tube. The expected concentration of the obtained AuNP solution is ~2 mg/ml.  crItIcal step Select a suitable centrifugal speed and time to concentrate the AuNP solution. A higher centrifugation speed may cause aggregation of the citric acid-coated AuNPs. (iv) Slowly add 2 ml of concentrated AuNP solution (~2 mg/ml) to the polymer solution prepared in Step 1(A)i. This should take just less than 10 min under vigorous stirring.  crItIcal step The concentration of the polymer solution used here should be lower than 2 mg/ml to avoid precipitation of the polymer. ? troublesHootInG (v) Sonicate the mixture for 1 h and stir the solution for 12 h at room temperature.
? troublesHootInG (vi) Purify the amphiphilic diblock polymer-modified AuNPs by centrifuging (12,000g, 10 min, 25 °C) five times, and then disperse the mixture in chloroform at a concentration of 80 nM.  crItIcal step Make sure that the free polymer has been removed completely.
? troublesHootInG  pause poInt The obtained amphiphilic Au@PS-b-PEG can be stored in a glass bottle at 4 °C for over 6 months.
(b) preparation of amphiphilic aunps coated with mixed peG and pMMa polymer brushes • tIMInG 3 d
(i) Transfer 50 ml of as-prepared 14-nm Au nanoparticles (3.5 nM, in water) to a 100-ml glass bottle and add one new or clean stir bar. (ii) Make a solution of PEG-SH (Mn = 5,000; 25 mg) and DTBE (12 mg) in DMF (2 ml; 100 µl/min) and pipette this into the AuNP solution. Stir the solution for 24 h to obtain AuNPs coated with PEG and DTBE (Au@PEG/DTBE). Magnetic stirring must be maintained during the experimental process.  crItIcal step Select a suitable injection speed for the mixed PEG-SH and DTBE solution. A fast injection speed may cause aggregation of the citric acid-coated AuNPs. The reaction solution should be stirred continuously. (iii) Recover and purify the Au@PEG/DTBE in 5 ml of DMF by centrifuging (10,000g, 20 min, 25 °C) three times to remove the free PEG and DTBE. Disperse the obtained sample into 5 ml of DMF after each centrifugation. By adjusting the amount of PEG and DTBE added, the ratio of PEG and hydrophobic polymer brushes can be well controlled. For instance, PEG and PNBA nanoparticles with molecular ratios of 1:1, 1:2 and 1:4 were prepared by adding weight ratios of PEG:DTBE of 4:1, 2:1 and 1:1.2, respectively.  crItIcal step The unbound PEG and DTBE should be removed completely. A higher centrifugation speed may cause aggregation of the Au@PEG/DTBE.
(iv) Add 0.14 ml of MMA and 0.6 ml of 4-vinylpyridine monomer to the initiator-coated Au@PEG/DTBE solution in DMF (4.0 ml) in a 20-ml glass bottle with a cap. Degas the mixture for 30 min with nitrogen. Figure 2a shows the equipment used for degassing with nitrogen. Nitrogen is flowed into the bottle through one plastic tube and flowed out through the other plastic tube. Vigorous stirring must be maintained during the experimental process.  crItIcal step Make sure that the air is completely replaced with nitrogen. (v) Mix 4 mg of CuBr and 15 mg of PMDETA in 1 ml of DMF; degas with nitrogen for 30 min, as described above. Immediately add the mixture to the Au@PEG/DTBE solution to initiate polymerization. Set the temperature to 40 °C and allow the reaction to progress (Fig. 6 ) for 10 h. Maintain vigorous stirring throughout the reaction, and make sure that the bottle is sealed.  crItIcal step The reaction temperature should not be >60 °C; otherwise, the Au-S bond will break. (vii) Centrifuge the solution three times at 8,000g for 10 min at 25 °C. The purified AuNR@PEG/PLA should be obtained and dispersed in chloroform.  crItIcal step Select a suitable centrifugation speed and time to remove the catalyst and free the polymer.  pause poInt The obtained AuNR@PEG/PLA can be stored in 5 ml of chloroform at 4 °C for >6 months.
Quality control steps 2| Before using polymer-coated gold nanocrystals for further self-assembly, it is important to ensure that they are of sufficient quality. Possible quality control tests include the stability test (option A), 1 H-NMR characterization (option B), the GPC test (option C), the TGA test (option D) and UV-visible spectroscopy (option E). Perform at least two of these quality control tests before proceeding to Step 3. Because gold nanocrystals with poor surface functionalization will rapidly aggregate in chloroform or after several cycles of centrifugation, we usually use the UV-visible spectra as a quality-check approach to determine whether polymer modification is successful. Using 14-nm Au@PEG/PMMA as an example, the characterization and calculation of the mixed polymer brush density on the gold nanoparticle surface are briefly described. (ii) The Au@PEG/PMMA should be highly stable and not show substantial aggregation after centrifugation at 10,000g for 10 min; the Au@PEG/PMMA should remain the same color (red) as citric acid-modified AuNPs that have not undergone polymer modification (Fig. 3a,b ). (b) 1 H-nMr characterization • tIMInG 6 h (i) Centrifuge 20 ml of the sample (20 nM) at 12,000g for 10 min at room temperature, and remove the supernatant.
(ii) Dissolve the precipitate in 6 ml of CDCl 3 and centrifuge the mixture twice at 12,000g for 10 min at 25 °C, and then remove the supernatant. (iii) Use 0.8 ml of CDCl 3 to dissolve the centrifuged sample under sonication for 10 min.
 crItIcal step The sample must be completely dissolved and dispersed in CDCl 3 . The color of the solution should be red and no precipitation should be observed. (iv) Use 1 H-NMR to test the composition of the polymer grafts. (v) Calculate the ratio of PEG to PMMA grafts on the nanocrystal surface. 1 H-NMR measurement (Fig. 3c) will determine the resonance of the -CH 2 -CH 2 O-group (3.65 p.p.m.) in PEG and that of the -OCH 3 group (3.60 p.p.m.) in PMMA. In our example, these have a ratio of 1:3, which leads to a molar ratio of 1:4 for ethylene glycol (EG) and the MMA monomer. Using the molecular weights of PMMA (Mn = 22 kDa) and PEG (5 kDa), the ratio of PEG to PMMA grafts can be calculated using equation 1, where MW MMA is the molecular weight of the MMA monomer and MW EG is the molecular weight of the EG monomer. In our example, the PEG:PMMA ratio is 1:2. 
4|
In a model system, dry the amphiphilic Au@PEG/PMMAVP slowly on the wall of a glass vial under a gentle flow of N 2 gas. A gold film on the glass vial surface should be seen (Fig. 6a) . ! cautIon The flow speed of the N 2 should be controlled to let the Au@PEG/PMMA slowly adsorb on the surface of the glass vial.
5| Add 2 ml of DI water to the glass vial. Sonicate at 30 °C to rehydrate the film. In 2-5 min, the solution should become clear, indicating that vesicles have formed (Fig. 6b) .  crItIcal step Make sure that the vial is at the best position in the water bath sonicator to ensure the most efficient sonication. The temperature of the water bath should be adjusted between 30 and 35 °C.
? troublesHootInG 6| Save the as-prepared vesicles in water at 4 °C for further use. The vesicles can also be dispersed in basic buffer or neutral solutions.  pause poInt The obtained plasmonic gold nanovesicles can be stored at 4 °C for at least 2 months without obvious change in their structure and properties. The vesicles have shown excellent colloidal stability in basic buffer or neutral solutions.
Although they settle to the bottom of the storage vial in a week, which is commonly observed for heavy gold colloids, a homogeneous dispersion can be readily recovered with gentle shaking for a few seconds. 16| Pipette the unbound sample out. Add 100 µl of PBS to the well.
17|
Use an Olympus IX71 inverted microscope with an oil-immersion dark-field condenser for dark-field imaging. ? troublesHootInG Troubleshooting advice can be found in table 4.
• tIMInG
Step 1A, preparation of amphiphilic gold nanoparticles coated with diblock polymer brushes: 12 h
Step 1B, preparation of amphiphilic AuNPs coated with mixed PEG and PMMA, polymer brushes: 3 d
Step 1C, synthesis of amphiphilic gold nanorods grafted with mixed PEG and biodegradable PLA brushes: 2 d
Step 2A, chloroform stability test: 1 d
Step 2B, 1 H-NMR characterization: 6 h
Step 2C, GPC characterization: 2 d
Step 2D, TGA characterization: 2 d
Step 2E, UV-visible absorbance spectra test: 1 h Steps 3-6, preparation of plasmonic vesicles: 2 d antIcIpateD results
Amphiphilic gold nanoparticles coated with polymer brushes
All amphiphilic polymer-modified gold nanocrystals prepared in Steps 1-3 can be dissolved in chloroform and DMF (Fig. 3b) , and stored for >2 months at 4 °C. Compared with AuNPs coated with citric acid or AuNRs coated with CTAB (Step 1C(i)), the polymer-modified gold nanocrystals resulting from Step 1C have UV-visible absorbance at longer wavelengths (Figs. 3f and 4a) . If the film is still on the wall of the glass bottle after 2 min of sonication, the water should be removed completely. Add 5 µl of chloroform to the glass bottle to rinse the film, followed by 1 ml of water and sonication
For the amphiphilic gold nanocrystals coated with mixed polymer brushes, the ratio of hydrophilic and hydrophobic polymer brushes can be easily tuned by changing the amounts of PEG and ATRP initiator DTBE or ROP initiator MUD added in the 'grafting to' step. The molecular weight of the hydrophobic polymers can be easily controlled by tuning the reaction time and the amount of added monomers (Fig. 4c) . Using the two-step method, different kinds of responsive hydrophobic polymer brushes with carbon chains or biodegradable chains can be grown on the gold nanocrystal surface, as displayed in table 1.
1 H-NMR was used to confirm the successful attachment and composition of the polymer brushes (Figs. 3c and 4c) . GPC was used to further test the polymer weight of the polymer brush (Figs. 3d and 4b) . TGA was used to measure the polymer weight fraction of the amphiphilic AuNPs (Figs. 3e and 4d) . The combined tests can be used to calculate the graft density of the polymer brushes. For the amphiphilic Au@PEG/PMMA, the graft density of the polymer is 0.4 chain per nm 2 .
The high drug-loading efficiency and excellent photothermal effect of the plasmonic vesicles enable effective imaging-guided integrated chemo-thermal cancer therapy.
plasmonic gold nanovesicles
In the vesicle, hydrophobic polymer-coated AuNP forms the vesicle shell and the hydrophilic polymer extends to both the interior and exterior of this vesicle (Fig. 5) . Thus, the vesicles can be well dispersed in water. Because the vesicular shell is composed of hydrophobic polymers, the relative ratio of hydrophilic to hydrophobic polymers, and the molecular weight can affect the interparticle distance. Because of the strong plasmonic coupling of the AuNPs in the vesicular shell, the LSPR peak of the vesicle shows a red shift as compared with solutions containing individual AuNPs (Fig. 6f) . Thus, by tuning the interparticle distance in the shell, the LSPR peak of the amphiphilic gold nanoparticle vesicles can be easily adjusted from the visible to the near-infrared region 38 . The adjustable ratio and molecular weight of the hydrophilic and hydrophobic polymer brushes provide the possibility of tuning the LSPR peak of the plasmonic vesicle to fit the requirements of different applications.
TEM and SEM are used to determine whether the vesicles have a hollow structure (Figs. 6c,d, 7a,b and 8a,b) , determined by observations of less contrast of the interior as compared with the shell of the vesicle in TEM images and holes observed in disrupted vesicles in SEM images. Dynamic light scattering is used to measure the size of the vesicles (Figs. 6e, 7d and 8d) ; this protocol generates vesicles with a narrow size distribution of ~220 nm. UV-visible spectra are used to examine the absorption maximum of the vesicles, which shows a substantial red shift of the SPR peak as compared with that of single gold nanocrystals [34] [35] [36] (Figs. 6f, 7c and 8c) .
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